ABSTRACT Flow of fluids through the gut, such as milk from a neonatal diet, generates a shear stress on the unilaminar epithelium lining the lumen. We report that exposure to physiological levels of fluid shear stress leads to the formation of large vacuoles, containing extracellular contents within polarizing intestinal epithelial cell monolayers. These observations lead to two questions: how can cells lacking primary cilia transduce shear stress, and what molecular pathways support the formation of vacuoles that can exceed 80% of the cell volume? We find that shear forces are sensed by actin-rich microvilli that eventually generate the apical brush border, providing evidence that these structures possess mechanosensing ability. Importantly, we identified the molecular pathway that regulates large vacuole formation downstream from mechanostimulation to involve central components of the autophagy pathway, including ATG5 and LC3, but not Beclin. Together our results establish a novel link between the actin-rich microvilli, the macroscopic transport of fluids across cells, and the noncanonical autophagy pathway in organized epithelial monolayers.
and absence of a fluid flow across the apical surface. Caco-2 BBE cells can be directed toward enterocyte differentiation at high cell densities (Peterson and Mooseker, 1992; Crawley et al., 2014) . A fluid shear stress of 0.025 dyne/cm 2 mimicking physiological luminal stress on the intestinal epithelium was applied overnight (Lentle and Janssen, 2008; Ishikawa et al., 2011) . Under shear stress, the Caco-2 BBE monolayer height increased significantly compared with static control (Supplemental Figure S1 , A-C), corroborating earlier reports on the effects of shear flow on epithelial cell polarization (Kim et al., 2012; Chi et al., 2015) . Surprisingly, previously uncharacterized vacuole-like structures (termed "vacuoles" herein) appeared after 3 h of exposure to fluid shear stress and increased in number and size until plateauing after 6 h ( Figure 1 , A and B, and Supplemental Video 1). About 20% of cells responded by forming vacuoles in the experimental time frame, probably due to heterogeneous polarization of cells in the monolayer (Supplemental Figure S1D) . Intracellular vacuoles were observed under static control conditions, but with significantly less frequency and at much smaller sizes. Vacuoles can be indicative of cellular stress preceding cellular senescence or cell death (Dakik and Titorenko, 2016) . However, Caco-2 BBE cells proliferated normally under shear stress despite vacuole formation, as shown by the fluorescence ubiquitination cell cycle indicator (FUCCI) reporter (Sakaue-Sawano et al., 2008) , and cell numbers after overnight culturing were not different between shear and control conditions (Supplemental Figure S2 , A and B). In line with this observation, proliferative signaling pathways p-ERK, and p-AKT and p-mTOR downstream from class I PI3K did not demonstrate significant changes in response to shear stress (Supplemental Figure S2 , C-F). Cell death observed by TUNEL staining was not increased by shear stress compared with control (Supplemental Figure S2G) . These results demonstrated that the vacuole formation process is not indicative of imminent cellular senescence or cell death.
Next we evaluated the identity of the vacuolar structures. To determine whether shear-induced vacuoles are glycogen storage granules (Sinadinos et al., 2014) , we used periodic acid-Schiff (PAS) to stain for polysaccharides in cells exposed to shear stress overnight and discovered that the vacuoles were PAS negative (Supplemental Figure S3A ). In contrast, PAS-positive puncta were observed in control cells (Supplemental Figure S3A ), but these puncta disappeared upon shear stress induction. This experiment also excluded the possibility that vacuolated cells are goblet cells, because PAS also detects acidic mucins produced by goblet cells. Real-time PCR (RT-PCR) also showed that expression of MUC2, LYZ, and SI, markers for goblet cells, Paneth cells, and enterocytes, respectively, was not significantly altered by shear compared with control (Supplemental Figure S3B ). In addition, negative oil red staining indicated that vacuoles were not large liposomes (Supplemental Figure S3C) .
We investigated whether these intracellular vacuolar structures could be identified as vacuolar apical compartments (VACs) (Gilbert and Rodriguez-Boulan, 1991; Utech et al., 2005) . VACs result from macroengulfment and subsequent invagination of apical membranes that contain actin-rich microvilli. To determine the possible apical origin of vacuolar membranes, we biotinylated the apical membrane after a monolayer with a tight barrier had formed, before the start of shear flow (Supplemental Figure S4A) . The vacuoles formed after exposure to shear stress were only partially decorated with biotin (Supplemental Figure S4B ), unlike VACs that are completely labeled by biotin. Furthermore, the majority of vacuoles were not lined with actin-rich microvilli (Supplemental Figure S4C ), another hallmark of VACs. These observations excluded the possibility that shear-induced vacuoles identify with VACs and other commonly observed, large cellular structures.
to the neonatal gut, as short-term nutrient deprivation is a hallmark of birth (Kuma et al., 2004) . In addition, the digestive requirements of the neonatal liquid milk diet differ from those of the adult solid diet (Henning, 1981) . These differences are reflected in cellular structures observed in the neonatal intestinal epithelium that are not found in the mature gut, including subapical tubulovesicular elements and large vacuoles within absorptive enterocytes (Baintner, 1994; Skrzypek et al., 2007) . Here we implicate a mechanistic link between mechanical stimulation of cells by liquid flow, the autophagy machinery, and macroscopic vesicular structures in the intestinal epithelium.
A large body of literature focuses on the role of nutrient signaling, such as AMPK and mTOR, on the induction of autophagy (Chen and Klionsky, 2011) . Less work has been done on other potential autophagy modulators, such as mechanical stress acting through the cytoskeleton. Microtubules are known to transport various pre-and postautophagy vesicles (Mackeh et al., 2013) , as well as regulate microtubule-associated protein 1A/1B-light chain 3 (LC3), a central component of the autophagy machinery. Drugs that modify microtubules, such as Flubendazole, have recently been found to be potent autophagy inducers (Chauhan et al., 2015) . While illuminating the cellular mechanisms that transduce mechanical stress remains an active field of research, the microtubule-rich primary cilia found in many epithelial cells are known mechanotransducers. A recent study reported that shear stress transduced by the primary cilium can activate canonical autophagy in kidney epithelial cells (Orhon et al., 2016) . These observations, taken collectively, support a hypothesis that mechanical inputs into the cytoskeleton, such as actin interaction with microtubules, can modulate the autophagy machinery.
Components of autophagy are known to play expansive roles in intestinal epithelial cells not solely limited to canonical autophagy associated with energy balance. For instance, molecular components of the autophagy pathway are involved in the digestion and transport of lipids across the intestinal epithelium (Khaldoun et al., 2014) , the secretion of cargo from specialized cell types (Dupont et al., 2011; Cleyrat et al., 2014; Vandussen et al., 2014; Bel et al., 2017; Kimura et al., 2017; Liu et al., 2017) , and microbial containment and clearance (Wild et al., 2011; LaRock et al., 2015; Schwerd et al., 2016) . These additional trafficking events are collectively known as "noncanonical autophagy," and include LC3-associated phagocytosis and entosis (Overholtzer et al., 2007; Codogno et al., 2011; Florey et al., 2015; Martinez et al., 2016; Schaaf et al., 2016) .
We find that intestinal epithelial cells, when organized as a monolayer, respond to shear stress by increasing flux through a vesicular trafficking pathway controlled by autophagy components. As intestinal epithelial cells lack a primary cilium, we aimed to discover another mechanical sensor of shear stress. We find that actin-rich microvillar protrusions are required to trigger the shear stress response. The intermicrovillar adhesion complex (IMAC) linking adjacent microvilli resembles the complex that links stereocilia in the inner hair cells of cochlear (Hinkel et al., 2012; Crawley et al., 2016; Li et al., 2016) , which mechanically respond to sound waves (Hudspeth, 2014) . Our findings provide the first evidence of a mechanosensing role of microvilli and propose a novel mechanically controlled mechanism for inducing the autophagy machinery in intestinal epithelial cells.
RESULTS
Fluid shear stress applied to the apical surface of a confluent, intestinal epithelial monolayer induces formation of vacuoles
To investigate whether intestinal cell monolayers, which lack primary cilia, respond to apical shear stress, a monolayer composed of Caco-2 BBE cells was grown in a microfluidic device in the presence oles were dextran positive, while ∼70% were dextran negative, indicating that most shear-induced vacuoles did not incorporate extracellular material ( Figure 1C ). Interestingly, dextran inclusion lagged vacuole formation, indicating that vacuoles were initially formed from material already in the cell ( Figure 1D ). Shear-induced vacuoles only sparsely incorporated apical plasma membrane in our biotinylation experiments (Supplemental Figure S4B) , supporting a small extracellular contribution to vacuoles. Because our dextran experiments suggested that extracellular uptake operated through a size-selection process, we considered whether shear stress induced fluid-phase endocytosis. Surprisingly, immunofluorescence staining of clathrin-, dynamin-and caveolin-labeled vesicles did not reveal substantial differences between shear and control conditions (Supplemental Figure  S6) . We verified the staining procedure with epidermal growth factor (EGF) stimulation, which showed a substantial increase in endocytic vesicles (Supplemental Figure S7 ; Sorkin and Von Zastrow, 2002) . Activity-dependent bulk endocytosis, as marked by the appearance of VAMP4+ vesicles (Nicholson-Fish et al., 2015) , was not changed in response to shear (Supplemental Figure S8 ). In addition, the early endosomal marker EEA1 decreased under shear compared with control ( Figure 2, A and B) . Taken together, these data indicate that, although endocytic uptake can contribute to shear-induced vacuoles, the majority of the contribution may come from an alternate source.
Vacuoles are enriched with extracellular fluid from altered trafficking
To determine whether shear-induced vacuoles contain extracellular material, we supplied fluorescently labeled dextran to the culture media in our shear experiments. Ten-kilodalton dextran accumulated in some vacuoles ( Figure 1C and Supplemental Video 2), while 70 kDa dextran was excluded (Supplemental Figure S5A ). This observation indicated that the contents of vacuoles can originate from extracellular sources, but there is size-or molecular-based selection. In addition, we confirmed that shear-induced vacuoles were intracellular by confocal microscopy, using a live-actin reporter to delineate cell borders (GFP-UtrCH) (Burkel et al., 2007) while observing the localization of dextran-labeled vacuoles (Supplemental Figure S5B ).
Increased inclusion of extracellular material into vacuoles can result from distinct but related mechanisms: 1) increased uptake of extracellular material into the cell through endocytosis, and 2) prolonged residence of material within the cell through altered trafficking. We sought to determine which of these two possibilities most contributes to shear-induced vacuoles. We quantified the number of shear-induced vacuoles containing a detectable concentration of dextran compared with the total number of vacuoles over time. We found that on average (over a 3-6 h time course), ∼30% of vacu- vacuoles result from a change of flux into an autophagic trafficking pathway. To establish an association between shear-induced vacuole formation and the autophagy machinery, we stained for LC3, a cytosolic protein that is lipidated and recruited to autophagic membranes. LC3+ puncta were markedly up-regulated throughout the epithelial monolayer under shear stress (Figure 2, C and D) . Strikingly, LC3 labeled the membranes of all vacuoles almost in their entireties, in contrast to partial punctate labeling of EEA1 and biotin, suggesting a direct involvement of the autophagy machinery in the vacuolation process ( Figure 2E and Supplemental Figure S9B ).
Autophagosomes and their contents are known to be degraded by the cell via fusion with lysosomes (Mauvezin et al., 2015) . To investigate the involvement of lysosomes in vacuole formation, cells were stained with the lysosome marker LAMP1. Although exposure to shear stress did not increase the number of LAMP1+ puncta (Supplemental Figure S9C ), the sizes of individual LAMP1+ puncta were significantly increased, signifying altered trafficking and fusion activities (Figure 2 , F and G). In addition to LAMP1+ puncta that Shear-induced vacuoles are formed by flux into a trafficking pathway associated with the autophagy machinery Internalized material can be trafficked to multiple downstream routes, including recycling back to the plasma membrane through the recycling endosome, sorting via early endosomes into multivesicular bodies, vesicular fusion with the Golgi complex, delivery to lysosomes for degradation, and repackaging for transcytotic or exosomal release (Conibear and Stevens, 1998) . Redirection among these trafficking routes by increasing flux in and decreasing flux out of certain pathways can result in the accumulation of extracellular material in vacuoles. Recent studies found that both plasma and early endosomal membranes are sources of membrane for autophagosome formation, suggesting that a possible downstream fate of endosomes is the autophagy machinery (Razi et al., 2009; Ravikumar et al., 2010) . Consistent with these studies, shear-induced vacuoles partially incorporated biotinylated plasma membranes (Supplemental Figure 4B ) and EEA1+ early endosomal membranes (Supplemental Figure S9A ). Hence we considered whether shear-induced decreased upon shear induction, and this observation was coupled to the appearance of calreticulin-positive particles inside the vacuoles ( Figure 3 , A-C), indicating degradation. The Golgi marker golgin-97 stained stack-like structures near the nucleus whose volumes were also decreased by shear ( Figure 3 , C and D). However, golgin-97 did not decorate vacuoles like calreticulin, suggesting that the Golgi is not a major membrane source ( Figure 3C ). The observed decrease in Golgi volume under fluid shear stress is consistent with the redirection of ER membranes to vacuoles, as the Golgi structure is constructed via membrane trafficking from the ER. These results demonstrated that shear stress triggers the autophagy machinery to traffic ER membranes to form vacuoles, in parallel to reticulophagy in yeast (Lipatova and Segev, 2015) .
To further test the association between shear stress and the autophagy machinery, we pharmacologically perturbed different steps of the autophagy pathway and measured the impact on shear-induced vacuole formation. Treatment with chloroquine (CQ), a well-known lysosomotropic agent that inhibits autophagy, suppressed shear-induced vacuole formation, implying a causal role of the autophagy pathway in this phenomenon (Figure 4, A and B) . CQ inhibits steps downstream from autophagosome formation, resulting in the accumulation of LC3 puncta that cannot turn over (Kimura et al., 2007; Mizushima et al., 2010; Lamoureux et al., 2013;  represented lysosomes, LAMP1 also decorated vacuoles entirely under shear stress, similar to LC3 ( Figure 2H and Supplemental Figure S10 , A and B). In addition, vacuoles containing detectable dextran colocalized with lysotracker, a fluorescent acidotropic probe for tracking lysosomes in living cells (Supplemental Figure S10C ). Taken together, these results demonstrated that shear-induced vacuole formation is associated with the autophagy machinery downstream from extracellular uptake.
Shear-induced vacuoles are large vesicular compartments that sometimes take up 80% of a cell's volume, which led us to question the source of membranes that make up these large compartments. While the contributions from the plasma (Supplemental Figure 4B ) and endosomal membranes (Supplemental Figure S9A) were minimal, the autophagy machinery is known to recruit membranes from the endoplasmic reticulum (ER), Golgi, and mitochondria to generate autophagosomes (Tooze and Yoshimori, 2010; Lamb et al., 2013) . The ER represents a major reservoir of membranes in intestinal epithelial cells, evidenced by the staining of ER "strand" morphologies by the marker calreticulin throughout the cytoplasm at homeostasis ( Figure 3A) . Shear-induced vacuoles were decorated with calreticulin similar to LC3 and LAMP1, indicating that vacuolar membranes are predominantly composed of ER membranes ( Figure  3A ). More importantly, calreticulin-positive structures within the cell (E) Three-dimensional reconstruction of cell volumes depicting GOLGA1 exposed to overnight shear compared with control. (F) Quantification of GOLGA1+ particles by total particle area. Error bars represent SEM from n = 3 independent experiments. Data scales are normalized values derived from mean centering and variance scaling of each set of experiments. ****P < 0.0001 by t test.
should be degraded during canonical autophagy, suggesting that vacuole formation involves a noncanonical process. Because both the activation and inhibition of the autophagy machinery will result in the accumulation of LC3, we also performed LC3 analysis when the downstream fusion events were blocked by CQ to clarify if shear induced or inhibited the pathway. As expected, CQ treatment increased LC3 by blocking downstream processing (Figure 4 , C-E). Application of shear led to a further increase in the LC3 II/LC3 I ratio ( Figure 4G ). These results supported the increase of LC3 expression and lipidation by shear through a noncanonical autophagy process, which may compete with the canonical autophagy pathway to result in p62 accumulation.
Treatment with 3-methyladenine (3-MA), a PI3K inhibitor that targets Vps34's ability to modify membranes with PI (3) . CQ and BafA are thought to inhibit the same step in the canonical autophagy pathway-the fusion between autophagosomes and lysosomes. However, a recent study of a noncanonical autophagic flux in activated germinal center B cells depicted a discrepancy in response between CQ and BafA treatment (MartinezMartin et al., 2017) . Because shear-induced vacuoles are much larger than autophagosomes, we expect the vesicular fusion that forms the vacuoles and the lysosomal fusion that degrades the contents of the vacuoles to be separate events in this noncanonical process. Indeed, while CQ is a general lysosomotropic agent that can affect acidification and hence fusion of all endosomes as well as perturb the Golgi (Oda and Ikehara, 1985) , BafA inhibits V-ATPase and acidification of only lysosomes and vacuoles (Yoshimori et al., 1991) . The consequent increase in pH due to BafA may render acidic hydrolases nonfunctional, leading to accumulation of vacuolar contents and larger vacuole sizes. Consistent with this notion, colocalization of dextran (marking vacuolar content) and lysotracker (marking acidic pH) was decreased by BafA in the context of shear stress (Supplemental Figure S11 , D and E). In addition, we observed a slight decrease in LC3 puncta under BafA treatment (Supplemental Figure S11F ), due to its trafficking into and subsequent dilution by vacuoles. These results further supported that shear-induced vacuoles resulted from a noncanonical autophagy process that have separate vesicular fusion events that are differentially inhibited by small molecules. Chauhan et al., 2015) , as we also observed in the context of shear stress (Supplemental Figure S11, A and B) . To corroborate that shear stress induces the autophagy machinery, we performed Western Blot analysis to evaluate the expression of LC3 and its conversion from LC3 I to the lipidated LC3 II form. Shear induced expression of LC3, with a specific increase in the LC3 II form (Figure 4 , C-E). However, shear also led to an increase in p62 (Figure 4 , C and F); this result was corroborated by increased p62-positive puncta (Supplemental Figure S11C) . p62 is an autophagy adaptor that reducing the sensitivity to shear forces due to elevated basal amounts of vacuoles ( Figure 6E ). All of these results were repeated with a different RNAi construct (Supplemental Figure S13 , E-G). The results of incomplete suppression of vacuole formation were consistent with incomplete LC3 suppression by ATG5 knockdown, although it should be noted that the remaining LC3+ puncta in ATG5 knockdown cells were distributed around vacuoles instead of the cytoplasm (Supplemental Figure S13H ). RNAi knockdown of Beclin (two constructs, confirmed by RT-PCR in Supplemental Figure S13I ) showed no statistical impact on shear-induced vacuole formation (Figure 6 , F and G, and Supplemental Figure S13J ). On the basis of these results, we conclude that shear-induced vacuole formation can be altered by perturbations in LC3 and ATG5, but not Beclin, placing it in the emerging class of noncanonical autophagic processes.
Apical shear mechanosensation depends on microvillar protrusions
We next turned our attention to the mechanism of mechanosensation by intestinal epithelial cells, which lack the well-known mechanosensor, the primary cilium. Enterocytes in the gut epithelium develop microvilli, actin-rich protrusions located at the apical surface. Caco-2 BBE cells are known to adopt a differentiated enterocyte-like state in high density monolayer cultures, especially on permeable substrates. The IMAC of the stereocilia of the inner ear plays a critical role in the mechanosensation of sound waves and is implicated in deafness in Usher syndrome Li et al., 2016) . Because the IMAC of microvilli has remarkable similarity to that of the stereocilia, we hypothesized that the microvilli act as the primary sensor of fluid shear stress upstream of vacuole formation. Using a live-actin reporter to label actin-rich structures, we confirmed that Caco-2 BBE cells formed microvillar protrusions in high density cultures both in the absence and presence of shear stress (Supplemental Figure S14 ). In contrast, trophoblasts do not form microvilli without shear (Miura et al., 2015) .
To investigate the potential for microvilli as a mechanosensor, we pursued three complementary perturbation strategies. First, we examined the shear stress response of the parental Caco-2 line, which is less efficient at forming microvilli than the Caco-2 BBE line primarily used in this study ( Figure 7A and Supplemental Figure S15 , A and B; Peterson and Mooseker, 1992; Peterson et al., 1993) . Parental Caco-2 cells under shear stress formed significantly fewer vacuoles compared with Caco-2 BBE cells (Figure 7 , B and C). Dextran+ particles in the parental line were also decreased, correlating with the number of vacuoles ( Figure 7D ). Second, we evaluated the shear stress response of Caco-2 BBE cells in less densely packed monolayers, where microvilli protrusions do not form due to a poor polarizing environment ( Figure 7A and Supplemental Figure S15A ; Peterson et al., 1993) . In contrast to high density plating in the control condition, we plated cells at intermediate density where cells still formed confluent monolayers with all-around cell-cell contacts. Vacuole numbers and dextran+ particles were significantly diminished in confluent monolayers that are less densely populated (Figure 7 , E-G). Third, we specifically knocked down protocadherin-24 (CDHR2, also known as PCDH24) in the Caco-2 BBE line. CDHR2 is an essential adhesion molecule of the IMAC complex that bundles microvilli. CDHR2 down-regulation is known to elicit an aberrantly sparse brush border in Caco-2 BBE cells (Crawley et al., 2014) . We confirmed that CDHR2 expression was down-regulated in our knockdown cell line (Supplemental Figure S16A) , which was accompanied by a defective brush border with few microvilli ( Figure 8A and Supplemental Figure  S16 , B and C). Exposure of shear stress to CDHR2 knockdown cells generated significantly fewer vacuoles and dextran+ particles To directly perturb the autophagy machinery, we used RNA interference (RNAi) to knock down key autophagy components, including LC3, ATG5, and Beclin. LC3 and ATG5 play important roles in both canonical and noncanonical autophagy (Dupont et al., 2011; Cleyrat et al., 2014; Martinez et al., 2016; Schaaf et al., 2016) , but Beclin is specific to canonical autophagy (Naydenov et al., 2012) . Knockdown of LC3, as confirmed by RT-PCR (Supplemental Figure S12A) , reduced vacuole formation in response to shear ( Figure 6, A and B) . This result was confirmed with a second knockdown, a knockdown of another LC3 isoform, as well as a combination knockdown of multiple isoforms (Supplemental Figure S12 , B-E). ATG5 forms an ATG7-mediated complex with ATG12 to regulate the conjugation of LC3 (Cheong et al., 2012) . As expected, knockdown of ATG5 using two separate RNAi constructs, as confirmed by RT-PCR (Supplemental Figure S13A ), down-regulated LC3-positive puncta (Supplemental Figure S13 , B-D). However, it should be noted that shear-induced LC3 puncta was not suppressed completely (Supplemental Figure  S13 , C and D), due to either incomplete ATG5 knockdown or the existence of an alternative pathway to LC3 induction by shear. Consistent with the role of ATG5 in the autophagy machinery, knockdown of ATG5 reduced vacuole formation (Figure 6 , C and D), specifically Although CDHR2 expression is necessary for forming apical actin protrusions, it is not sufficient, as other molecules, such as MLPCDH, Myo7b, and ANKS4B, are also required for the formation and transport of the IMAC (Crawley et al., 2014 Weck et al., 2016) . LC3 expression in this cell line (both isoforms) was also elevated compared with BBE (Supplemental Figure 16, E and F) . Taken together, these results supported a necessary role of intestinal microvilli in the transduction of apical shear stress signals to induce vacuole formation.
DISCUSSION
In this study, we report that intestinal epithelial cell monolayers transduce apical shear stress by mechanosensitive microvillar protrusions. Unlike trophoblasts, which respond to shear stress by forming microvilli (Miura et al., 2015) , our results suggest that epithelial monolayers use microvilli as mechanosensors. Exposure to shear stress induces intracellular vacuole formation (Figure 9 ). Although endocytosis contributes to this event (Tooze et al., 2014) , our data support that shear stress mostly redirects intracellular trafficking flux, including endosomes, into an autophagic trafficking pathway. Vacuole formation depends on central autophagy components such as LC3 and ATG5, and is related to degradative processes such as LAMP1+ lysosomal recruitment and fusion. Glycogen-containing granules are reduced by shear, consistent with studies reporting autophagy to be a central pathway for degrading glycogen stores, specifically in glycogen storage diseases (Nascimbeni et al., 2012; Sedwick, 2013) . Taking the results together, we have uncovered a novel mechanism in epithelial monolayers that links mechanical forces to the autophagy machinery.
Although shear-induced vacuole formation shares components of the canonical autophagy pathway, our data suggest that it is a distinct process that is broadly classified as noncanonical autophagy (Figure 9 ). Canonical autophagy begins with phagopore formation, maturation into autophagosomes, and ends with lysosomal fusion into autolysosomes where degradation of vesicular contents occurs (Shintani and Klionsky, 2004) . Shear-induced vacuole formation does not end with autolysosomes that are observed as small puncta in the cell. Instead, previously uncharacterized, large vacuolar structures with acidic pH are formed. These structures are distinct from swelled autolysosomes that form when downstream degradation is blocked (Mauvezin et al., 2015) . The differences between shear-induced vacuole formation and canonical autophagy are further highlighted by our results. Although canonical autophagy consists of four steps that are regulated by specific molecules-1) initiation by ULK1; 2) nucleation by Beclin, WIPI, and others; 3) elongation by ATG5, ATG7, and LC3; compared with the scramble control under shear (Figure 8, B-D) . We evaluated whether shear-induced LC3 up-regulation is dependent on microvilli, and found that shear-induced LC3+ puncta were decreased with CDHR2 knockdown compared with scramble control (Figure 8, E and F) . Finally, we sought to determine the expression levels of CDHR2 and LC3 in our cell lines. Both genes were detectable in the Caco-2 parental and BBE cell lines, suggesting intact machinery. The Caco-2 parental line, which has less well-formed microvilli in the experimental time frame, surprisingly expressed more CDHR2 at baseline than Caco-2 BBE (Supplemental Figure 16D ). (G) Quantification of the number of vacuoles formed under scramble or BECN1 knockdown in static or shear conditions. Error bars represent SEM from n = 3 independent experiments. Data scales are normalized values derived from mean centering and variance scaling of each set of experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by t test. deficient but microvilli-rich intestinal epithelial cells are distinct from canonical autophagy triggered by shear forces acting on the primary cilia of kidney epithelial cells (Orhon et al., 2016) .
We surmise that clues to the cellular function of these vacuoles can be gleaned from their identities. Based on our data, vacuoles do not correspond to well-known cellular structures, such as mucin granules, lipid droplets, or VACs. However, we determined that the substantial membrane requirement for vacuole formation is provided by the ER. ER-labeled membrane components were observed inside vacuoles, suggesting that the ER was turned over in a retinophagy-like process (Lipatova and Segev, 2015) . Moreover, image mass spectrometry showed that phosphatidylethanolamine, the conjugating lipid for LC3, was significantly reduced and 4) recycling by ATG9-noncanonical autophagic processes have been shown to bypass certain steps. In our studies, shear-induced vacuole formation partially depends on ATG5 but is independent of Beclin, bypassing the canonical nucleation step. In addition, the canonical autophagy adaptor molecule p62 is not degraded by shear-induced vacuole formation, as also observed in recently identified noncanonical autophagic processes (Florey et al., 2015; Martinez-Martin et al., 2017) . Furthermore, CQ and BafA treatment showed distinct phenotypes, again mirroring the phenotype in the Martinez-Martin et al. report. Here the CQ phenotype is consistent with inhibition of a vesicular fusion step to form vacuoles, while the BafA phenotype is consistent with inhibition of downstream lysosomal fusion and degradation. Importantly, our observations in cilia- (data not shown). The ER is a major site for secretory trafficking. Recent studies have demonstrated that misfolded proteins induce redirected trafficking from the ER-Golgi-plasma membrane secretory pathway to unconventional ERAD I (retrograde translocation from the ER into the cytosol) or ERAD II (autophagosomelysosome pathway) (Gee et al., 2011) . Furthermore, a noncanonical secretory pathway has also been shown to utilize the autophagy machinery, including ATG5 (Dupont et al., 2011; Cleyrat et al., 2014) . Because intestinal enterocytes are responsible for the transport of nutrients from the luminal to the basal side, we speculate that macronutrients encountered at different developmental time points may require professional degradation-secretory pathways that may involve the autophagy machinery.
Clues to the physiological relevance of shear-induced autophagic trafficking can be gleaned from studies of the neonatal intestine. In the developing gut, introduction of a liquid diet from milk induces profound changes in duodenal enterocytes, including the formation of subapical tubulovesicular elements that feed intracellular vacuoles (Moxey and Trier, 1979; Henning, 1981) . These changes occur when epithelial cells are immature with less organized and rigid microvillar protrusions and minimal mucus secretion, resembling the state of Caco-2 BBE monolayers (Supplemental Figure S17 ; Muncan et al., 2011; Tourneur and Chassin, 2013) . We surmise that a nonrigid brush border is required for mechanoresponse. Other studies have indeed revealed that polarized Caco-2 cells have characteristics of neonatal enterocytes (Schnabl et al., 2009) . Dietary nutrients and immunoglobulins (Ig) traverse the intestinal mucosa by bulk endocytosis through enterocytes, and defects in the initialization, processing, and recycling of vesicles result in neonatal diarrheal diseases such as microvillus inclusion disease (Knowles et al., 2014; Weis et al., 2016) . Although there are many possible stimulating factors in milk, such as nutrients, microbes, and endocrine inputs, the actual mechanism for inducing these profound epithelial changes remains to be elucidated. We speculate that mechanical shear forces from fluid flow may contribute to downstream processing of vacuoles and their contents through the autophagy machinery (Supplemental Figure S18 ). Enterocytes of the proximal small intestine of P0 mouse neonates before suckling exhibit no apparent subapical tubular network, vacuoles, or LC3 staining. Upon suckling, subapical tubulovesicular elements form in enterocytes in association with LC3 vesicles (P2), followed by the appearance of LC3-decorated vacuoles (P5). These structures, as well as lysosomal proteases and β-galactosidase for digesting milk proteins, disappear over time into adulthood (Muncan et al., 2011) . Investigation of the contribution of mechanical stimuli to intracellular trafficking is a relatively unexplored cell biological topic that may have a significant impact on the understanding of luminal sensing in the gut.
MATERIALS AND METHODS

Cell culture
Caco-2 BBE , Caco-2, and HEK293FT cells were cultured in DMEM (4.5 g/l glucose; Corning) in 37°C incubator supplied by 5% CO 2 , supplemented with 20%, 10%, and 10% fetal bovine serum (Sigma), respectively. All media were supplemented with 1% penicillin/streptomycin and 2 mM l-glutamine (Hyclone).
Microfluidic device fabrication
Microfluidic devices are constructed from polydimethylsiloxane (PDMS) to the specifications below. Designs were produced in Adobe illustrator and made into photolithography masks (Front Range Photomask). Photolithography was performed on a 3-in. (76.2-mm) silicon wafer according to standard procedure (MicroChem Procedures). actin-binding domain of utrophin (Burkel et al., 2007) . To study cell proliferation and cell cycle, cells were transfected with a FUCCI plasmid (Sakaue-Sawano et al., 2008) . For dextran uptake assay, FITCdextran (70 kDa; Molecular Probes) at a final concentration of 5 mg/ml, RFP-dextran (10 kDa; Molecular Probes) at a final concentration of 10 mg/ml, and/or LysoTracker (Molecular Probes) at a final concentration of 50 nM were supplied continuously to the microfluidic devices for the duration of the experiments. Live cell imaging was conducted and dextran-positive particle count (as determined by manual thresholding) was conducted by scripts in ImageJ (National Institutes of Health [NIH] ).
Immunofluorescence microscopy
Fixed cells were permeabilized with 0.1% Triton X and 1% bovine serum albumin (BSA; Sigma) in PBS, and then blocked with 5% BSA and 5% goat serum (Jackson ImmunoResearch) in PBS for 1 h at room temperature. Cells were stained with primary antibodies diluted in the blocking buffer for 1.5-2 h, and then with fluorescent secondary antibodies (Life Technologies), Hoechst (Life Technologies), and phalloidin (Life Technologies) for 1 h. Images were taken using 20× or 60× objectives on a Nikon A1R (Nikon) or a LSM 710 (Zeiss) confocal microscope. Antibodies against CAV1 (BD Biosciences), clathrin (Cell Signaling Technology), dynamin II (BD Biosciences), EEA1 (BD Biosciences), LAMP1 (BD Biosciences), LC3 (MBL, Novus), CALR (Abcam), GOLGA1 (Golgin97; Molecular Probes) were used.
The TUNEL assay was performed according to the manufacturer's specifications (Roche). Positive control for TUNEL was The masters were then treated with Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma) to create nonstick surfaces. PDMS (Corning) was then poured onto the wafers in 10:1 base to curing agent, desiccated, and baked at 60°C for 4 h. After removing the PDMS from the master, holes for tubing were punched in the inlets and outlets. The chambers were then sealed to a four-well Nunc Lab-Tek chamber (Nunc) slide according to standard procedure (Bhattacharya et al., 2005) . The chambers were then coated with a 50 μM collagen (Sigma), 300 μM Matrigel (Sigma) mixture in DMEM (Sigma). After 1 h under UV light, the devices were rinsed with DMEM, covered with phosphate-buffered saline (PBS), and refrigerated until used.
Live cell imaging with microfluidic control
For shear experiments, 25 mM HEPES was added in the media when cells were seeded in the microfluidic device. Cells were seeded at a density of 3 × 10 7 cells/ml to obtain dense confluency and 7.5 × 10 6 cells/ml to obtain confluency at a lower cell density for microvilli perturbation experiments. After 5 h of incubation to allow monolayer formation, unattached cells were washed off before the start of overnight shear experiments. Live cell imaging was performed with a Nikon A1R (Nikon) or a LSM 710 (Zeiss) fluorescence confocal microscope using a 20× objective in 30-min intervals. At the end of the experiment, cells were fixed with 4% paraformaldehyde (PFA), and then the devices were dissembled for further cellular analysis.
To visualize the cytoskeleton and microvillar changes, Caco-2 BBE cells were transfected with a GFP-UtrCH plasmid, containing the FIGURE 9: Shear induces vacuole formation via a noncanonical autophagic pathway. Microvilli on the apical side of relatively immature epithelial cells are formed by a CDHR2-dependent clustering mechanism. Shear stress on loosely packed and motile microvilli stimulates the autophagy machinery in a noncanonical pathway that is distinct from Beclin-dependent canonical autophagy. This noncanonical process triggers distinct trafficking events originating from the endoplasmic reticulum that are modulated differently by the small molecule inhibitors CQ and BafA, resulting in the formation of large LC3 and LAMP1-decorated degradative vacuoles. a 50:50 mixture of ethanol and propylene oxide, and finally propylene oxide. Electron micrographs were taken by 250 ESEM (Quanta).
Automated image analysis of vacuole count and size, and monolayer height
Because vacuoles tend to have uniform intensity, while cells are full of contrasting features, images were first passed through a variance filter in ImageJ, followed by further analysis in Matlab (MathWorks). Images were binarized, and morphologically transformed using "bottom hat" (dilation and erosion). Vacuolar boundaries were filtered by area and circularity, yielding outlines of vacuoles while ignoring other cell features. Vacuolar diameters were estimated by the diameters of circles with the same area as each object to negate the noise of boundary identification. Vacuole number and size quantified by this automated algorithm were initially compared with results measured manually.
To determine the height of cell monolayers, we used the highest actin signal below the dextran level as the apical boundary of the monolayer. The basal boundary was determined as the highest actin signal above the substrate, which was nonfluorescent. The difference between the top and bottom was recorded at every pixel, with errors removed and the surface smoothed.
Immunoblot
Cells were lysed in RIPA buffer (Sigma) supplemented with protease inhibitor cocktail (Roche) and phosphotase inhibitor cocktail (Roche). Sample lysates were boiled with Laemmli sample buffer and loaded in gel for electrophoresis. After blot transfer, polyvinylidene difluoride membranes were blocked with blocking buffer (LI-COR) and incubated with primary antibodies overnight. After 3× washing with PBS, secondary antibodies were applied for 1 h and then washed with TBST (0.05% Tween 20) before imaging. Blots were scanned by the Odyssey imager (LI-COR), and integrated intensities using the top and bottom of the bands as background were quantified by the Odyssey software. Primary antibodies such as LC3 (Novus), p-ERK (Cell Signaling), p-AKT (Cell Signaling), p62 (SQSTM1) (Abnova), and GAPDH (Origene) were used for this experiment.
Mouse experiments
All animal experiments were performed under protocols approved by the Vanderbilt University Animal Care and Use Committee and in accordance with NIH guidelines. Postnatal duodenal tissues were harvested, fixed in 4% PFA on ice for 1 h, embedded in OCT, and then frozen at −80°C. Tissues were sectioned at 5 μm thickness and then stained with phalloidin (Life Technologies) or an antibody against LC3 (Cell Signaling) for 1.5-2 h. After secondary antibody (Life Technologies) and Hoescht (Life Technologies) staining for 1 h, sections were imaged on the Nikon A1R confocal microscope as above.
Variance normalization of data
Because vacuole numbers vary from experiment to experiment mainly due to extrinsic factors affecting the maturation state of the apical brush border of individual cells, we normalized each set of experiments by mean centering and variance scaling. Briefly, the mean of the whole data set (consisting of control conditions and perturbations) was set as zero, giving values less than the mean a negative and values greater than the mean a positive value. This value was then converted to the number of SDs away from the mean. This type of normalization has been used routinely in large-scale multivariate analysis for multicondition comparisons (Lau et al., 2012 (Lau et al., , 2013 Simmons et al., 2015) .
Caco-2 BBE cells induced to undergo cell death with sodium butyrate (100 mM) for 48 h. For quantification, sizes of single particles were measured using custom scripts in ImageJ after thresholding out excessively large particle clusters. Numbers of particles were estimated by the total area occupied by positively stained regions as determined by manual thresholding in ImageJ. Mean intensities were calculated on whole fields of view. Whole cell volume quantification was performed by Z-maximal projection.
Apical surface biotinylation
Caco-2 BBE cells were seeded in the microfluidic device for 1 d to ensure monolayer establishment, and then were washed with icecold PBS supplemented with 0.1 mM CaCl 2 and 1.0 mM MgCl 2 (PBS-CM). EZ-Link Sulfo-NHS-LC-Biotin (0.5 mg/ml) (ThermoScientific) was freshly prepared in ice-cold PBS-CM and applied to the apical surface of the monolayer in the microfluidic chamber at 4°C for two consecutive 20-min periods, after which Stretavidin-Cy3 (Sigma) was applied for 1 h at 4°C. Additional biotin was quenched with 100 mM glycine and washed before the start of microfluidic experiments.
Histochemical staining
Samples were fixed with 4% PFA for 1 h at room temperature, and then dehydrated with 60% isopropanol for 5 min. Samples were then stained with oil red O solution for 10 min and imaged with brightfield microscopy (EVOS). Periodic acid-Schiff staining was performed to manufacturer's specifications (Abcam).
Small molecule studies
Bafilomycin A1 (BafA; 100 nM; Sigma) and 50 μM CQ (Enzo Life Sciences) were prepared in culture media from a dimethyl sulfoxide (DMSO)-based stock solution. 3-MA (5 mM; Sigma) was dissolved directly in media. Small molecules were supplied to the microfluidic devices continuously for the duration of the experiments. Control cells were treated with the DMSO vehicle.
RNA knockdown
Small interfering RNA against LC3A and LC3B (Santa Cruz Biotechnology), and BECN1 (Qiagen) were transfected into Caco-2 BBE cells with PolyJet to manufacturer's specifications (SignaGen Laboratory). Control cells were treated with scramble RNAi. CDHR2 (also known as protocadherin-24 PCDH24) shRNA (Sigma) and nontargeting scramble shRNA expressed from the pLKO.1 vector (Addgene) were transduced into Caco-2 BBE cells as previously described (Crawley et al., 2014) . In addition, LC3B shRNAs (Sigma) and ATG5 shRNAs (Sigma) were used for loss-of-function studies. Cells were used 48 h later for experiments.
Real-time RT-PCR
RNA was extracted using RNeasy kit (Qiagen), and reverse transcribed using the Quantitect reverse transcription kit (Qiagen) to the manufacturer's specifications. Real-time PCR was performed using a StepOne system (ABI) or a CFX96 (BioRad) with commercially available primers (reatimepcr.com or Sigma), and relative quantities were calculated from Ct values using GAPDH expression as a housekeeping gene.
Electron microscopy
Samples were prepared by washing with 0.1 M sodium cacodylate and fixed with 2.5% glutaldehyde in sodium cacodylate for 1 h at room temperature, followed by postfixation in 1% osmium tertroxide for 1 h in sodium cacodylate. After washing with 0.1 M sodium cacodylate, samples were dehydrated with a serial dilution of ethanol, then
